Introduction
Unidirectional Ti/SiC fibrous reinforced composites can offer excellent specific axial properties at room and elevated temperature. These composites are being considered as a way of realizing bladed ring concepts for aero engines. Such designs offer step improvements in weight due to the absence of the massive disc, but demand high specific strength and creep resistance of the hoop structure that can be achieved by hoop reinforcement (Clyne & Withers, 1993; Hooker & Doorbar, 2000) . With regard to optimizing mechanical performance, the fibre matrix interface strength is an important parameter because relatively low interface strengths are required to achieve good fatigue resistance via fibre bridging during crack growth, while at the same time interface strengths must not be so weak as to give unacceptable transverse strengths. In addition, the accumulation of local damage in the form of fibre cracking is important in terms of damage tolerance.
Fibre damage has been studied by acoustic methods as well as by monitoring the drop in conductivity of the C or W cores of the SiC fibres when they crack (Awerbuch & Bakuckas, 1989; Kuniya et al ., 1987) . Using the former method it is possible to monitor the number of fibre breaks and, at low resolution, identify their location (when two acoustic transducers are used). Using the latter method one can only identify the occurrence of the first break in any given fibre. It is laborious to undertake and cannot provide information about the position along the fibre at which breakage occurred. Microtomography is potentially a much richer source of information, allowing the position and morphology of damage in both the fibres and the matrix to be determined. Considerable use has been made of laboratory X-ray tomography to study fibre cracking in aligned-fibre composites (Breunig et al ., 1993; Stock et al ., 1999; Morano et al ., 2000) . However, this work has been characterized by relatively low spatial resolution and slow acquisition times, making it difficult to study the damage sequence in detail. The very high brilliance of third generation synchrotron sources such as at the European Synchrotron Radiation Source (ESRF), Grenoble, has made high-resolution (0.5-5 µ m) tomographic imaging of composite micromechanics possible.
In this paper we summarize the work that we have carried out on the tomographic imaging of damage nucleation and propagation in Ti/SCS6 140 µ m diameter SiC composites. This includes the fracture sequence during a single-fibre full-fragmentation test, the effect of a damaged fibre on its neighbours and the resulting damage sequence in single-ply, and the extent of crack-bridging during fatigue crack growth of multiple-ply materials.
Materials and specimens

Composite fabrication
In order to observe the characteristics of fibre/matrix damage during straining, tensile samples were made for each of three different fibre arrangements, namely a single fibre composite (type 1), a single ply of fibres (type 2), and a multiple-ply composite comprising six plies of fibres (type 3). The single fibre and singleply samples were fabricated in the same way. Single and ribbons of SCS-6 coated fibres were used, respectively. The C-coated SiC fibres were 140 µ m in diameter with a 50 µ m thick PVD coating of Ti-6Al-4V. Prior to consolidation, 0.7 mm thick Ti-6Al-4V metal sheets (80 × 90 mm) and the coated fibres were cleaned using an etchant (5% HF + 40% HNO 3 + 55% H 2 O) in order to obtain active surfaces. Subsequently, a sandwich of grafoils, metal sheets and the fibres in the middle was placed in a uniaxial vacuum hot press. The assembled sandwich was then consolidated at a vacuum level of 10 − 5 Torr and hot-pressed at 900 ° C/20 MPa for 1 h, followed by furnace cooling, corresponding to a cooling rate of about 2 K min − 1 . Great care was taken during subsequent computer-controlled electrodischarge machining of the tensile samples to ensure that each single fibre was positioned in the centre of the gauge width and that all fibres were aligned parallel with the tensile axis. Figure 1 shows the final dimensions of the tensile samples. The single-ply samples were designed to include fibre defects within their gauge area in order to study the effect of a damaged fibre on stress redistribution and on the occurrence of subsequent failure of its neighbours. The coated fibre ribbons were laserdrilled, prior to composite fabrication, to introduce several precisely located defects/holes in some of the fibres. All samples were checked by radiography on the tomography beam line (ID19) at the ESRF prior to testing in order to identify samples of interest. Figure 2 shows a radiograph of a single-ply sample that contains two laser-drilled holes (in fibres 1 and 3).
The multi-layer ( ∼ six-ply) Ti /SiC fibre composite material was fabricated by the fibre/foil process, in which alternate layers of titanium foil and SCS-6 fibres were laid up and subsequently subjected to a hot isostatic pressing (HIPing) consolidation process.
Composite microstructure
Figure 3(a) shows the microstructure of the Ti-6Al-4V coated SCS-6 fibres/Ti-6Al-4V sheet sandwich after consolidation, taken from one of the single-ply samples. The carbon cores of the fibres, and the protective C coating on the surface of the SiC fibres are visible. The microstructure of the PVD Ti-6Al-4V coating exhibits short α -lamellae with none of the former β grain boundaries that are usually observed in lamellar microstructures of α + β titanium alloys. Adjacent to the coated Ti6Al-4V, an equiaxed microstructure of the sheet material can be seen. The integrity of the SiC-C-Ti interfaces appears to be good. A radial 'crack' type defect was observed in the tomographs of the single fibre sample (see Fig. 5a ), which, on taking more metallographic sections, was also observed in the SEM (Fig. 3b) . These defects are believed to be due to sliding/creep of the coating around the fibres to the mid-plane under the HIPing conditions applied during consolidation.
Mechanical testing
Sample types 1 and 2 were subjected to uniaxial tension using a 2 kN tensile rig specially designed to allow the observation of damage by tomography during the deformation of materials (Buffière et al ., 1999) . The fatigued multi-ply sample (type 3) had been cut out from a wider sample in which the crack had been initiated as a penny-shaped crack caused by spot welding and made on the side face of the gauge length. This crack had propagated to about halfway ( ∼ 0.4 mm) through the gauge width of the sample, causing two plies of fibres to bridge the crack. The fatigue testing was load controlled, i.e. the maximum and minimum loads were kept constant during the test, and the crack was grown via a three-point bend test with a span of 40 mm. The load ratio for the test was 0.1, with a maximum load of 224 N and a frequency of 5 Hz. The fatigue test was conducted on an Instron system equipped with a 5 kN load cell. Our tomography sample of the geometry shown in Fig. 1 was electro-discharge machined so as to contain a straight region of the fatigue crack. This was then loaded to K min and K max (corresponding to applied loads of 56 and 566 MPa, respectively) in situ on the tomography beam line using the 2 kN in situ stage.
X-ray tomography method
X-ray tomography is a non-destructive technique that allows the reconstruction of the internal structure of samples in three dimensions. On the tomography beam line (ID19) at the ESRF, an essentially parallel beam is used to collect radiographs with a resolution down to 0.7 µ m (Cloetens et al ., 1997; Buffière et al ., 1999; Martin et al ., 2000; Maire et al ., 2001) . In this case the sample is rotated in the beam to provide a set of 900 radiographs (one radiograph every 0.2 ° ), which are then used by reconstruction software to give a 3D attenuation contrast image of the object using back-projection algorithms. From this 3D volume it is possible to view 2D slices for any section through the volume. A set of two parallel silicon single crystals was used to select photons of energy 33 keV (wavelength 0.4 Å) for imaging. The large distance between the source and the experimental hutch (140 m) leads to a high lateral coherence of the photons. The distance between the sample and the CCD detector was set to about 120 cm. This set-up, combined with the high lateral coherence of the photons, has been shown (Cloetens et al ., 1997) to lead to an improvement in the detection of phase features such as cracks due to a 'phase contrast' effect, which superimposes on the regular attenuation contrast.
Results
Single fibre full-fragmentation study
In the single fibre full-fragmentation test a sample containing just one fibre is progressively strained until the fibre fragmentation process has reached saturation. Traditionally, post mortem measurement of the average fragment length is used to assess the fibre-matrix interface stress (Le Petitcorps et al ., 1989; Huang & Young, 1994) . In our fragmentation study the elastic fibre strain prior to failure was measured by synchrotron diffraction to be around 15 000 × 10 − 6 , corresponding to a failure stress of around 6000 MPa (Preuss et al ., 2002a) . Figure 4 (a) shows the single fibre sample at a strain at which fragmentation has saturated. The crack locations agree well with the locations inferred from the dips in the elastic fibre strains measured during the final loading step (Fig. 4b) . The mean fragment length was measured to be 380 ± 160 µ m and fragmentation was complete at a strain of 7%, corresponding to an applied load of approximately 900 MPa. The extent of the crack openings reflect the subsequent plastic strain that has occurred after each crack so that the largest fissures correspond to the earliest cracks. The crack openings for the two cracks that were first to form (6 and 10/11) are 90 and 80 µ m, respectively. Figure 5 (a)-(c) show representative tomographic sections of another single fibre sample recorded at increasing levels of plastic strain. Figure 5 (a) shows radial 'cracks' visible at the interface between the fibre and the coated matrix prior to loading. The presence of these 'cracks' was subsequently confirmed by metallographic sectioning (Fig. 3b ). At the intermediate strain level (Fig. 5b) , the tomographic sections of the fibre show one double crack, having formed at about 70 ° to the loading axes. At the final loading stage that was recorded at a high degree of straining, three wide-open double cracks, including debris in between, are visible ( Fig. 5c ). In addition, some cracks occurred in the matrix in the later stages, as shown in Fig. 5(c) . C core cracking and SiC cracking are also visible, often showing steps with regions of core pulled out from the corresponding SiC fibre section. Although some single cracks lying perpendicular to the fibre axis were observed, many inclined double cracks were seen. Spowart & Clyne (1999) observed similar crack morphologies caused by propagation of shear-or bend-induced cracks during compressive loading and it is possible that some degree of bending was introduced, causing these cracks. This is certainly the case for the single-ply sample (see Fig. 7 ) for which such cracks were also found. Figure 6 shows a rendered image of the 3D volume from which the 2D slices shown in Fig. 5 (c) (the last loading step) have been taken. The 3D volume has been rendered transparent so that one can see the crack shape through the entire volume. The double crack is revealed to be a wedge-shaped crack. It is possible that wedge cracks originate at a defect on the surface of the fibre, which then radiates outwards as two cracks grow. Although such a fracture event might be aided by a bending component, it is not clear that this is necessary for them to occur. Given that the fibre failure stress drops to ∼ 30% of the initial strength (Preuss et al ., 2002) , it is likely that the shock wave or recoil of the fracturing fibre caused by the first high stress fracture event has introduced surface damage from which the wedge cracks form. This is consistent with observations on single fibres, which suggest that high failure stresses are often associated with fracture initiation from the SiC core, whereas lower stress failures originate from the surface (Laffargue & Bowen, 2002, personal communication) . This argument is consistent with the idea that crack 10 in Fig. 4(a) is the initial high stress fracture event followed almost instantaneously by wedge crack 6.
Single-ply sample containing damaged fibres
Figure 7(a)-(c) show a set of tomographs illustrating the evolution of damage in a single-ply sample containing a laserdrilled fibre defect as the load was increased. The images show representations of the 3D volumes rendered so as to show the crack features through their entirety (with the matrix and fibres rendered transparent). In Fig. 7(a) , at an applied load of 800 MPa, one can see the laser-drilled hole (which has been in-filled with Ti) lying slightly to the right of fibre 1. This has introduced damage into fibres 1 and 2, and manufacturing has caused fibre 5 to fracture. On reaching 890 MPa (Fig. 7b) , all the cracks apparent in the previous scan have now opened -evidence of considerable sliding between the fibre and matrix. Additionally, new cracks have formed, most notably in fibres 3 and 4, neither of which showed cracks after the first loading step. Note that, unlike the initial cracks, these new cracks have the characteristic wedge-shape seen in the single fibre full-fragmentation sample. Given that some bending is unavoidable at this stage due to a combination of necking (very evident in Fig. 7c ) and the fact that the early damage was not symmetrically distributed about the sample centre line, this may suggest that a bending moment encourages these cracks to form at surface defects introduced during the initial fibre failure event. In addition, fibre 5 has broken into many small fragments. On increasing the load to about 960 MPa, the cracks already present have widened significantly and new cracks have formed (Fig. 7c) . In some regions (e.g. the crack in fibre 2) the carbon core has pulled out of the fibre segments (seen more clearly in the equivalent 2D slice, Fig. 7d ). Measuring directly from the images, the crack in fibre 2 had an opening of 30 µ m at 800 MPa, whereas at 960 MPa the opening of the crack had increased to 130 µ m. Note that although the two fragments of fibre 2 slipped by a combined distance of 100 µ m (roughly a fibre diameter), further cracking did not occur. In contrast, fibres 3 and 4 have developed a large number of cracks to give a number of very small fragments. In addition to the characteristic wedge-shaped cracks, a smaller number of single cracks have formed perpendicular to the loading axis. The occurrence of multiple fibre failures leading to very short fibre segments indicates a considerable weakening of the fibre strength after initial fibre failure, in agreement with the strain measurements of Preuss et al. (2002a) on a single fibre sample. The fact that many of these are wedge cracks nucleating from the surface corroborates the hypothesis that this weakening is due to the introduction of surface flaws. An identical sample was strained continuously and radiographs acquired every 0.5 s until failure of the sample, in order to create an animation. Figure 8(a) shows a 3D-rendered tomograph of one half of the failed sample. Failure occurred across the sample at the position of a fibre that had been broken by the laser drilling. The interesting feature here is the zigzag or spiral effect to the cracks in fibre 3 (highlighted). It seems that a crack has initiated and this has spiralled down the fibre. On first inspection, the sequence of radiographs suggested a zigzag type defect and therefore a series of neighbouring wedge cracks, but careful analysis of the tomographic volume reveals it to be a spiral crack, which is shown by a highlighted region of the fibre in Fig. 8(b) and more clearly in the schematic showing the mechanism of how the crack spirals down the fibre (Fig. 8c) . Taking a series of virtual slices through the 3D volume -before the core, at the core and after the core, respectively -shows a characteristic spiral 'staircase' crack morphology (Fig. 9a) . Metallographic sectioning (Fig. 9b) confirmed that the cracks penetrated the fibre, rather than simply spiralling around the outside of it or in the coating. As one might expect, the animation shows that the cracks propagate down the fibre. At the present time it is not understood why such an unusual fibre crack morphology should occur. Figure 10 shows a 3D image (Fig. 10a) and two 2D slices, XY (Fig. 10b) and YZ (Fig. 10c) of the fibre-bridging fatigue crack. Figure 11 (a) and (b) show 3D rendered images of the fatigue crack sample at K min and K max , respectively. In both images of Fig. 11 the matrix and fibres have been rendered transparent, showing the crack plane through the sample. The images show the extent of growth of the crack, represented by the grey regions. At K max the tip of the crack appears to be further advanced, presumably due to the fact that the crack has been opened up, making it easier to image. Note that the 'speckled' contrast of the crack region might be suggestive of some faceto-face contact, although this may just be a consequence of the 2 µ m resolution of the detector used. Indeed, one would expect the sliding of the bridging fibres during loading to mean that the crack face is held open upon unloading. It appears as if the left-most fibre (marked A) near the crack front in Fig. 11(b) has cracked, and a search through the individual slices has revealed that this occurred near the crack plane during loading to K max . Figure 11 (b) suggests that the matrix crack has advanced furthest in regions free from fibres. In terms of viewing the crack front, 2D slices through the reconstructed volume are more instructive. Figure 12 (a) and (b) show two equivalent 2D slices through the volumes at K min and K max , respectively, showing the same position of the crack and the same fibre at each load. It is clear from the image at K max (Fig. 12b) that the crack is very much more open compared to that at K min ; measurement of the tomographic slices at K min and K max reveals that the crack opened by about 8 µ m during loading. Furthermore, the crack has bifurcated to form two cracks on growing past the fibre, the dominant crack probably being the lower of the two as shown in the image. This is probably caused by the fact that the crack grows around the fibre at different heights on either side so that the crack fronts do not rejoin downstream of the fibre. There is some evidence that there are two cracks slightly upstream of the fibre. At the point that the matrix crack first reaches the fibre there is also some evidence of slight debonding of the matrix from the fibre; there is a slightly more raised section at this point when compared to a point on the interface higher up or lower down. This is consistent with fibre and matrix crack opening strain maps collected for similar samples (Preuss, Rauchs et al ., 2002) , which indicate a sliding region of about 1 mm either side of the crack plane having very low interface stress. It is this sliding of the interface that reduces the stress intensity felt by the fibre in the crack plane. This reduces the tendency for fibre cracking and allows the crack to grow around the fibre. The resulting crack-bridging fibres shield the crack front from the full applied stress intensity leading to crack arrest (Liu & Bowen, 2002) . There is some suggestion in the images that the fibre has cracked, but a more detailed look at the few slices in front and behind has revealed that there is no crack. In fact the crack-like feature is an artefact introduced by the back-projection reconstruction algorithm.
Fatigue of a multi-ply sample
Conclusions
A range of Ti/SiC composite samples, containing different arrangements of fibres, have been imaged in situ during straining using synchrotron X-rays in order to gain an understanding of how damage develops. High-resolution X-ray tomography and radiography has provided information about the fibre fragmentation mechanisms, sequences and fragmentation lengths in single fibre samples, about progressive damage accumulation in single-ply composites containing damaged fibres, and about fatigue crack growth and crack bridging in multi-ply samples. This work is complementary to high spatial resolution diffraction strain measurements that have also been carried out on these same samples (McDonald et Preuss et al., 2002a,b) . In the single fibre composite, parallel strain measurements have shown that after initial fibre fracture, the fibre fragments at much lower stresses (∼30%). For this reason, the crack spacing is small. It is probable that this occurs because of defects introduced into the SiC fibre surface region. Certainly the morphology of the subsequent wedge cracks suggests nucleation from the surface. It may be that such cracks are encouraged by any degree of specimen bending. By contrast, the evidence suggests that the first fibre fracture to occur in the single fibre full-fragmentation test was initiated at high stress from the core, giving a conventional mode I fracture morphology. In the single-ply composites, failure tends to occur near the location of the introduced damage. This is because the fibre stresses are larger in this region by about 25% for nearest neighbours and 10% for next nearest (McDonald et al., 2002) , whereas the Weibull modulus of unbroken fibres is not so small that they fail elsewhere at lower stresses (Laffargue & Bowen, 2002) . Spiral-like defects have also been observed. In the multi-ply material no fibre breakage was observed for the interior fibres. The crack front showed a number of characteristic features, including preferential advancement in fibre-free regions, crack bifurcation near fibres and different crack plane heights upstream and downstream of fibres.
